OBJECTIVE: To determine characteristics of classical and partial deletions of the Y chromosome azoospermia factor (AZF) region transmitted from father to son by natural fertilization. METHODS: Patients from northeastern China with primary male infertility (n = 10) and their fathers were investigated. Healthy fertile men and women were recruited as positive and negative controls, respectively. The Y chromosome microdeletions were detected by polymerase chain reaction. Serum concentrations of reproductive hormones were determined by electrochemiluminescence immunoassay and enzyme-linked immunosorbent assay. RESULTS: Expansions of microdeletions were observed in seven father-son pairs; de novo microdeletions were found in the remaining three father-son pairs. The Y chromosome microdeletions were larger in sons than in their fathers. Patients with infertility had significantly higher levels of follicle stimulating hormone and lower levels of inhibin B than fertile men. CONCLUSIONS: The Y chromosome micro deletions were transmitted from father to son via natural transmission. These microdeletions may expand during transmission or arise de novo, possibly resulting in reduced fertility.
Introduction
Infertility is a major health problem that, according to clinical reports, affects approximately 10 -15% of the reproductiveaged population; 1 -4 male-specific factors have been implicated in approximately half of these cases. 1 -4 The Y chromosome harbours many of the genes that control spermatogenesis, and most of the chromosomal aberrations related to azoospermia or oligozoospermia have been identified in the long (q) arm of this chromosome. Genetic studies of men with idiopathic azoospermia or severe oligozoospermia have led to the identification of three azoospermia factor (AZF) subregions that functionally mediate distinct stages of germ cell development: AZFa (approximately 800 kb); AZFb (approximately 3.2 Mb); AZFc (approximately 3.5 Mb). 5, 6 R-L Dai, L-K Sun, X Yang et al.
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Sequencing of the entire AZF region 7 has made possible the investigation of the occurrence of deletions and their association with infertility. AZF microdeletions most frequently occur between long Y chromosomespecific repeats known as amplicons. 8, 9 These deletions, also called 'classical AZF deletions', 10 usually cause spermatogenic failure 8, 9 and result from intrachromosomal rearrangement of the Y chromosome between amplicons. 11, 12 The AZFc region appears to be particularly susceptible to deletions, including both those of the entire region (classical deletions) and partial deletions; three partial AZFc deletions (b1/b3, b2/b3 and gr/gr) have been identified as high risk for dysfunctional spermatogenesis. 13 -16 The ability to address male infertility markedly improved with the development of assisted fertilization techniques, such as intracytoplasmic sperm injection (ICSI). 17, 18 Accumulating evidence has suggested that methods such as ICSI facilitate the transmission of classical and partial AZF deletions from insufficiently fertile fathers to their male offspring. 18 -20 Underlying reasons for male infertility have yet to be fully elucidated, and cases of natural transmission of classical and partial AZF deletions have rarely been reported. The present study aimed to investigate classical and partial AZF deletions in men from northeastern China with primary infertility and their fathers, and to determine the genetic characteristics and physiological manifestations of the transmitted chromosomal abnormality.
Patients and methods

STUDY POPULATION
Men presenting with primary infertility and AZF deletion(s) at the outpatient infertility clinic of the Centre for Reproductive Medicine, First Bethune Hospital, Jilin University, Changchun, China, between August 2009 and October 2011, were recruited to the study along with their fathers and patients' wives. All patients and their fathers underwent thorough physical examination, ultrasonographic examination of the epidydimis and vas deferens, and semen analysis (including volume and colour, seminal plasma pH, sperm count and time to liquefaction, according to the recommendations of the World Health Organization 21 ). Patients were defined as having severe oligozoospermia if their last three semen samples (taken at intervals of 1 -3 weeks) had sperm counts of < 5 million/ml, or azoospermia if no sperm were present in the ejaculate following centrifugation. The gynaecological status, reproductive hormone levels and karyotype of each patient's wife were determined, in order to exclude their role in infertility. Healthy unrelated men with proven fertility (attending the Physical Examination Centre, First Bethune Hospital, for routine examination) were recruited as control subjects.
The study was approved by the Ethics Committee of First Bethune Hospital and all participants provided written informed consent.
DNA ISOLATION AND PCR
Peripheral blood samples (2 ml) were collected from patients and their fathers in sterile tubes containing 2.25 mg/ml ethylenediaminetetraacetic acid, and stored at 4°C for up to 7 days before use. Genomic DNA was isolated using a commercially available whole blood DNA extraction kit (TIANamp blood DNA kit; Beijing Tiangen Biotech Co., Ltd, China).
Based on the best practice guidelines of the European Academy of Andrology and the European Molecular Genetics Quality Network, polymerase chain reaction (PCR) analysis of classical AZF deletions was R-L Dai, L-K Sun, X Yang et al.
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performed using the sequence-tagged sites sY84, sY86, sY127, sY134, sY143, sY152, sY157, sY254 and sY255. 10 Partial AZFc deletions were assessed using sY142, sY1054, sY1161, sY1191, sY1197, sY1201, sY1206, sY1258 and sY1291 19 ; sY14 (SRY) and ZFX/ZFY were used as internal controls. Primer sequences are shown in Table 1 . Each Forward: 5′-AGAAGGGTCTGAAAGCAGGT-3′ 326 Reverse: 5′-GCCTACTACCTGGAGGCTTC-3′ sY86
Forward: 5′-GTGACACACAGACTATGCTTC-3′ 320 Reverse: 5′-ACACACAGAGGGACAACCCT-3′ sY127
Forward
Forward: 5′-AAGACAGTCTGCCATGTTTCA-3′ 125 Reverse: 5′-ACAGGAGGGTACTTAGCAGT-3′ sY157
Forward: 5′-CTTAGGAAAAAGTGAAGCCG-3′ 285 Reverse: 5′-CCTGCTGTCAGCAAGATACA-3′ sY254
Forward: 5′-GGGTGTTACCAGAAGGCAAA-3′ 380 Reverse: 5′-GAACCGTATCTACCAAAGCAGC-3′ sY255
Forward: 5′-GTTACAGGATTCGGCGTGAT-3′ 123 Reverse: 5′-CTCGTCATGTGCAGCCAC-3′ sY142
Forward: 5′-AGCTTCTATTCGAGGGCTTC-3′ 196 Reverse: 5′-CTCTCTGCAATCCCTGACAT-3′ sY1054
Forward: 5′-ACCTAAGGGAACCCAGGAGA-3′ 340 Reverse: 5′-CGACACTTTTGGGAAGTTTCA-3′ sY1161
Forward: 5′-CGACACTTTTGGGAAGTTTCA-3′ 330 Reverse: 5′-TTGTGTCCAGTGGTGGCTTA-3′ sY1191
Forward: 5′-CCAGACGTTCTACCCTTTCG-3′ 385 Reverse: 5′-GAGCCGAGATCCAGTTACCA-3′ sY1197
Forward: 5′-TCATTTGTGTCCTTCTCTTGGA-3′ 453 Reverse: 5′-CTAAGCCAGGAACTTGCCAC-3′ sY1201
Forward: 5′-CCGACTTCCACAATGGCT-3′ 677 Reverse: 5′-GGGAGAAAAGTTCTGCAACG-3′ sY1206
Forward: 5′-ATTGATCTCCTTGGTTCCCC-3′ 394 Reverse: 5′-GACATGTGTGGCCAATTTGA-3′ sY1258
Forward: 5′-AACCCCATCTCTAGCAAAAATATG-3′ 968 Reverse: 5′-TAGGTGACAGGGCAGGATTC-3′ sY1291
Forward: 5′-TAAAAGGCAGAACTGCCAGG-3′ 527 Reverse: 5′-GGGAGAAAAGTTCTGCAACG-3′ Transmission of AZF deletions 20-µl reaction mix contained 50 ng genomic DNA, 5 -10 pmol of each primer (Shanghai Sangon Biotech, Shanghai, China), 100 mM potassium chloride, 200 mM Tris-HCl (pH 8.8), 15 mM magnesium chloride, 1% Triton™ X-100, 500 µM of each dNTP and 2 U Taq polymerase (Beijing Dingguo Biotech, Beijing, China). Multiplex PCR was carried out using a Veriti ® 96-well PCR thermal cycler (Applied Biosystems, Foster City, CA, USA). The cycling programme involved preliminary denaturation at 94°C for 6 min, followed by 35 cycles of denaturation at 95°C for 40 s, annealing at 58°C for 45 s and elongation at 68°C for 60 s, followed by a final elongation step at 72°C for 10 min. Classical AZF reaction products were analysed by electrophoresis in 1.5% agarose gels at 80 V for 35 min (BioWest Agarose, Madrid, Spain), and partial AZFc deletions were analysed by electrophoresis in 3% agarose gels (BioWest Agarose) at 120 V for 40 min. All gels contained 0.5 µg/ml ethidium bromide and PCR products were visualized under ultraviolet light.
Each experiment was performed at least twice. Results were considered positive when a clear amplification product of the expected size was obtained ( Table 1 ). In the case of negative results in which no band was visualized, PCR was repeated a minimum of twice more to verify the presence of a deletion affecting the sequence region. DNA samples from healthy male subjects were used as positive controls. DNA samples from five healthy women (who had given birth at the Centre for Reproductive Medicine, First Bethune Hospital) were used as negative controls, and water was used as a blank control.
Deletion expansion was defined as the presence of additional deletions in patients, compared with those deletions present in their fathers. De novo deletion was defined as the presence of deletions in patients, in the absence of deletions in their fathers.
KARYOTYPE ANALYSIS
Peripheral blood samples (0.5 ml, from patients, their wives and their fathers) were collected in sterile tubes containing 30 IU/ml heparin and inoculated aseptically into lymphocyte culture solution (Yishengjun; Guangzhou Baidi Biotech, Guangzhou, China). Cultures were incubated at 37°C for 72 h, then treated with 20 µg/ml colcemid for 1 h. G-banding of metaphase chromosomes was performed by standard methods. 22 For each individual, a minimum of 30 metaphase cells were counted and at least five cells were analysed. Chromosome abnormalities were described according to the criteria established by the International System for Human Cytogenetic Nomenclature. 22 
HORMONE ANALYSIS
Peripheral blood samples from patients, their wives and fathers, and male control subjects were collected in serum separator tubes, allowed to clot for 30 min and centrifuged at 1000 g for 15 min. Serum concentrations of the reproductive hormones prolactin, luteinizing hormone, follicle stimulating hormone (FSH), testosterone and oestradiol were determined. Inhibin B levels were measured in patients only, due to the lack of age range-specific reference levels for subjects aged > 44 years. Prolactin, luteinizing hormone, FSH, testosterone and oestradiol concentrations were measured using electrochemiluminescence immunoassay (Elecsys ® 2010 Chemistry Analyzer; Roche Diagnostics, Mannheim, Germany). Inhibin B levels were measured using an enzyme-linked immunosorbent assay kit (Shanghai Bluegene Biotech, Shanghai, China). Normal male reference ranges were: prolactin, 86 -324 µIU/ml; luteinizing R-L Dai, L-K Sun, X Yang et al.
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hormone, 1.7 -8.6 mIU/ml; FSH, 1.5 -12.4 mIU/ml; testosterone, 2.8 -8.0 ng/ml; oestradiol, 7.63 -42.6 pg/ml. 23 -25 Reference ranges for inhibin B were described according to age range: 20 -29 years, 125 -225 pg/ml; 30 -44 years, 80 -220 pg/ml. Normal reference ranges for women were as published. 23 -25 
STATISTICAL ANALYSES
Data were presented as mean ± SD and compared using Student's t-test or one-way analysis of variance, as appropriate. Statistical analyses were performed using SPSS ® statistical software, version 11.5 (SPSS Inc. Chicago, IL, USA) for Windows ® . A Pvalue of < 0.05 was considered to be statistically significant.
Results
The study recruited 10 men with primary infertility. Physical examinations revealed normal testicular volume, penis and pubic hair in each patient. Ultrasonography demonstrated normal appearance of the epididymis and vas deferens in all patients and their fathers. The wives of all participating patients were found to have normal gynaecological status, normal hormone levels and 46 XX karyotypes. Clinical information for each patient and their father's height are summarized in Table 2 . The mean height of the infertile patients was 169.30 ± 2.16 cm and their mean weight was 71.00 ± 9.52 kg, whereas the mean height of their fathers was 168.30 ± 2.95 cm. Analyses demonstrated that patient semen quality was poor and that mean seminal plasma pH was 7.0. Karyotype analysis of all 10 father-son pairs was normal (46 XY). The control group comprised 60 healthy unrelated men with proven fertility (age range 24 -37 years, mean height 174.32 ± 5.15 cm, mean weight 73.68 ± 16.36 kg). There was a statistically significant difference between the height of control men, and the mean heights of infertile men and their fathers ( Table 3 ; P < 0.01).
Results of the PCR analyses for all 10 father-son pairs are shown in Fig. 1 . Seven of the 10 father-son pairs demonstrated expansion microdeletions (S1/F1, S2/F2, S6/F6, S7/F7, S8/F8, S9/F9 and S10/F10); the Infertile men had significantly higher levels of FSH than their fathers and male control subjects (P < 0.01 for both comparisons; Table 4 ). In participants aged 20 -29 years, infertile men had significantly lower levels of inhibin B than controls (P < 0.01; Table 5 ). There were no statistically significant between-group differences in the concentrations of prolactin, luteinizing hormone, testosterone or oestradiol.
Discussion
The AZF region of the Y chromosome encodes Data presented as mean ± SD. a P < 0.01 compared with both other groups; one-way analysis of variance. Transmission of AZF deletions genes that mediate spermatogenesis. 8, 9 The AZFc subregion is particularly susceptible to deletions as it is entirely composed of amplicons. 9 This region has been extensively studied in the hope of gaining insights into the molecular mechanisms underlying deletions: such information might prove useful in the development of therapeutic approaches for male infertility. The relationship between genotype and phenotype for AZFc partial deletions is more complicated than that for classical AZF deletions. 26 Classical AZF deletions are clinically relevant because a clear causeeffect relationship has been established between these deletions and spermatogenic failure. 6,27 -29 The present study analysed natural vertical transmission of Y chromosome deletions by evaluating the presence of (and changes in) classical and partial AZF deletions and found that microdeletions were transmitted from father to son via natural transmission. Reports on the natural transmission of AZF deletions are scarce; the extent of microdeletions in these studies has been shown to be similar between fathers and sons. 30 -32 It has been suggested that the microdeletions do not increase in size when passed from father to son via natural transmission. 33, 34 Expansion of AZF deletions was found in seven father-son pairs in the present study: a finding consistent with other published data. 35 36 De novo microdeletions were observed in the remaining three father-son pairs in the present analysis. De novo AZF deletions may be caused by mutation following exposure to environmental mutagens, or by sporadic genetic processes. Either of these mutation events is capable of causing alterations in the genetic code that may manifest as distinct phenotypes, some of which may not yet have been reported. 36 The present study of father-son pairs suggests a decrease in fertility from one generation to the next. The fathers may have had low fertility but were nonetheless able to reproduce naturally. Their infertile sons, however, had poorer semen quality, lower sperm counts and higher FSH levels than their fathers. Several mechanisms might explain the fertility differences between fathers and sons with similar (but expanded) microdeletions that were observed in the present study. The father may be mosaic and his germline may include cells in which the AZFc interval is present; 31 alternatively, he may carry a rare allele (or combination of alleles) on his X chromosome, or on an autosome that suppresses the phenotypic expression of the AZFc deletion. 31 It is also possible that geographical or ethnic differences might play a role in deletion patterns and phenotype expression.
Few studies have investigated the relationships between hormone levels and AZF microdeletions via vertical transmission. Data from the present study demonstrate that patients with expanded or de novo AZF microdeletions had significantly higher levels of FSH, and lower levels of inhibin B, than fertile control men. The treating clinician should suspect causative mutations in the AZF region in men presenting with infertility who have high FSH and low inhibin B levels. Examinations at the molecular level should then be ordered to confirm these suspicions. Reproductive hormone concentrations were measured as an auxiliary examination in the present study, but several studies have performed detailed investigations into the relationship between male infertility and hormone concentrations. For example, it has been shown that levels of FSH are higher in infertile men than in fertile men. 37 In addition, the level of inhibin B has been found to be significantly lower in infertile men with azoospermia or oligozoospermia than in fertile men. 38 Independent studies have also concluded that inhibin B is a more accurate marker of male infertility than FSH or luteinizing hormone. 39, 40 An unexpected observation of the present study was that the mean heights of infertile men and their fathers were significantly shorter than the mean height of fertile male controls. It is possible that there may be a relationship between the height of an individual and his susceptibility to expanded or de novo Y chromosome microdeletions. The short-stature homeobox gene (SHOX) is located on the tip of the short arms of both chromosomes X and Y, inside the telomeric part of pseudoautosomal region 1. 41, 42 SHOX deficiency has been found in 2 -15% of individuals with formerly idiopathic short stature. 42, 43 Further studies are required to confirm whether SHOX deficiency can be passed from father to son or if mutation is associated with infertility.
In conclusion, the present study confirmed that Y chromosome microdeletions are passed from father to son via natural transmission. These micro deletions may expand during transmission or arise de novo. The significantly shorter stature, higher levels of FSH and lower levels of inhibin B observed in infertile men compared with fertile control subjects could be useful clinical indicators for
